Objective: To assess the profile of changes in airway (Raw) and respiratory tissue mechanics within a follow-up study performed in children with mitral valve disease, before and after surgical valve repair.
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INTRODUCTION
Among the valvular heart diseases, mitral valve insufficiency is the most frequent malfunction encountered in clinical practice. While this disease is often the consequence of cardiac ischemia in adults, acute rheumatic fever due to group A streptococcal tonsillopharyngitis and the subsequent infectious pancarditis is the main cause of mitral valve disease in children 1 . This anomaly has a large public health impact in emerging countries with lack of available antibiotics 2 .
The cardiopulmonary interaction is exerted via complex interdependences either on the alveolo-capillary compartment or at the level of the bronchial tree closely surrounded by the pulmonary vessels. An expression of this interaction can be appreciated by the adverse respiratory symptoms in patients suffering from low left ventricular ejection fraction and congestive heart failure 3, 4 . The resulting pulmonary vascular congestion compromises the airway and lung tissue mechanics 5, 6 , which is manifested in the development of clinical symptoms, such as dyspnea, orthopnea, and wheezing 7 .
Numerous mechanisms may contribute to the respiratory clinical manifestations of mitral valve disease. The increase in postcapillary pulmonary pressure may lead to the development of interstitial edema with consequent uncoupling of the airways from the lung parenchyma and adverse alterations in the lung visco-elasticity 8 . Concomitantly, vascular engorgement in the pulmonary vascular bed may compress the bronchial wall and decrease the airway lumen 5, 6, 9 . As a long term consequence of lung congestion, chronic mitral valve disease may lead to cellular remodeling of the alveolar and bronchial walls, further compromising the lung function 4, 6, [10] [11] [12] [13] . While several studies have demonstrated the potential beneficial effect of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 still unknown whether the decrease in capillary overload and/or the relief of the airway compression are responsible for this acute beneficial effect following surgical repair of mitral valve. Defining the primary mechanism may help the clinician understanding the clinical symptoms exerted by the patient and targeting the treatment accordingly.
Thus, we aim at characterizing the perioperative profile of the airway and respiratory tissue mechanics in children undergoing surgical repair of their mitral valve. We postulate that assessing the airway and tissue mechanical parameters separately will reveal different processes responsible for their contribution to the lung function alteration. We therefore hypothesize that airway and respiratory tissue mechanics exert different profile after reestablishing the mitral valve function, which decreases interstitial vascular engorgement.
METHODS

Study population
The measurement protocol was approved by the Pediatric Ethics Committee (No. 09-042 matped) of the University Hospitals of Geneva. All children included in the present study were of African origin and supported by a humanitarian mission (Terre des Hommes). They were from French-speaking African countries and were able to understand the information provided by the investigators, and participated freely in the study. The parent were aware and gave authorization of the possible involvement of their children into clinical studies, and the ethics committee agreed that the consent is given by the children's tutor or the medical director of the humanitarian charity on behalf of the parents. Thus, a written informed consent was obtained from the medical referee. Children were included in the study in a consecutive case series design, and those who refused participation were excluded without further consequences. Inclusion criteria consisted of the diagnosis and subsequent elective surgical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 repair of mitral valve disease. Children with chronic pulmonary diseases, obtained by clinical history, were excluded from the protocol.
Forced oscillatory measurements in spontaneously breathing children
The forced oscillatory technique (FOT) measurements were performed in accordance with the European Respiratory Society (ERS) guidelines 16 . A custom made device was applied to measure the input impedance of the respiratory system (Zrs sp ) while the child performed normal breathing. Briefly, a loudspeaker generated a pseudorandom broad-band forcing signal between 4 and 26 Hz, which was led through a plexiglass wave tube (ID 14 mm, OD 20 mm, L=17 cm) attached to a disposable bacterial filter and mouthpiece. The bias tube of the system was flushed with 100% oxygen during the measurements to reduce rebreathing. Lateral pressures were measured at the loudspeaker end (P 1 ) and the distal end (P 2 ) of the wave-tube with miniature pressure transducers (ICS model 33NA002D, ICSensors, Milpitas, CA). These signals were low-pass filtered (25 Hz) and digitized (128 Hz). The pressure transfer function (P1/P2) was calculated by fast Fourier transformation from the 12-s recordings and the Zrs sp was computed as the load impedance of the wave-tube 17 .
During the data recording periods, the children were asked to wear a nose clip and to sit in an upright position. They were asked to breathing quietly through the mouthpiece while supporting their cheeks with their palms during these maneuvers in order to minimize upper airway shunting. Four to six technically acceptable measurements were made at each occasion and were ensemble-averaged for further analyses.
The resistive and elastic properties of the respiratory system were evaluated by fitting a simple resistance-compliance model of the respiratory system to the Zrs sp spectra 18 5 healthy children by using similar methodology 18 . Since the children involved in the present study were severely underweight, reference equations based on the age were applied.
Anesthesia and mechanical ventilation
One day after completing the first set of Zrs sp measurements, children received oral Children were mechanically ventilated in pressure-regulated mode (VT 8 ml/kg), while maintaining a positive end-expiratory pressure (PEEP) of 5 cmH 2 O, an inspired oxygen fraction (FiO 2 ) of 0.5, and setting the respiratory rate to achieve an end-tidal partial pressure of CO 2 in the expired gas around 5.5 kPa.
Low-frequency Forced oscillatory measurements in anesthetized children
The measurement apparatus used for the respiratory impedance (Zrs OR ) measurements in the To separate the airway and tissue mechanics, a model containing a frequency-independent airway resistance (Raw OR ) and inertance (Iaw OR ) in series with a constant-phase tissue model 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7
Hemodynamic measurements
To assess the systolic (Ppa sys ), diastolic (Ppa dia ) and mean (Ppa mean ) pulmonary artery pressure values, the pulmonary artery is directly punctured by the surgeon via a 24G needle immediately before cannulation of the aorta and after decannulation when the patient is weaned from cardiopulmonary bypass (CPB).
Study protocol
The study period covered 22 days with Zrs sp measurements performed under spontaneous breathing the day before the surgery, and at 5 days postoperatively before clearance from the ward ( 
Statistical analyses
The scatters in the parameters were expressed by the SEM values. The Lilliefors test was used to test data for normality. All examined parameters or their log transformations were normally distributed (all p>0.11). The effects of time on the data obtained during spontaneous breathing
were evaluated by one-way repeated measured ANOVA with time as repeated measures (within-subject) factor. Pairwise comparisons were performed on estimated marginal means 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 From the 24 children enrolled into the study, spontaneous FOT could not be obtained in one child because of lack of cooperation and for half of them the 21-day assessment could not be performed because of loss of follow-up. For one child, we were unable to collect intraoperative data because of technical failure, and the second set of intraoperative forced oscillatory data was incomplete in three patients due to OR turnover. Finally, pulmonary hemodynamics was missed in 7 children for surgical reasons. Despite these missing values,
we decided to include all consecutively enrolled patients in order to avoid sampling bias. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 significantly higher than those expected in age-matched healthy controls (p<0.001 for both).
Furthermore, both mechanical parameters decreased significantly 5 days postoperatively 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Since Ppa dia showed clear improvements after the surgery, the preoperative respiratory mechanical abnormalities were related to this pulmonary hemodynamic variable. 
DISCUSSION
In the present study, we attempted to assess changes in the mechanical properties of the airways and the respiratory tissues following surgical repair of mitral valve disease. We demonstrated that airway properties improved significantly and immediately after surgery and 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12
One of the main finding of the present study is the instantaneous improvement in the airway resistance measured in the mechanically ventilated patients, and this beneficial change remained throughout in the follow-up period. Nevertheless, the lack of association between the magnitude of decreases between the airway resistance estimates under mechanical ventilation and spontaneous breathing children (Fig. 6, Panel F) suggests the presence of different processes behind these improvements. While the routine use of inotropes following CPB (dobutamine, adrenaline, milrinone) may have contributed to the airway smooth muscle relaxation 26-28 , it is unlikely that these effects remained 5 days postoperatively. This finding suggests that postoperative changes in the airway properties can only be assessed reliably after maintaining a time gap between the cease of inotropes allowing their clearance.
It is noteworthy, that these children had abnormally high airway resistance prior to the surgery (Fig. 4) , which returned to the normal range after weaning from postoperative cardiorespiratory support. Furthermore, this improvement was proportional to the severity of preoperative airway obstruction (Fig. 5) suggesting that this postoperative improvement has greater importance in the children with marked preoperative bronchoconstriction. In agreement with previous results 29, 30 , no clear association between the pulmonary hemodynamic improvement and the amount of airway dilation could be evidenced (Fig. 6 ).
Thus, it is unlikely that a direct cardiopulmonary interdependence is responsible for this finding. The improvement in airway patency is rather due to the postoperative elevation in functional residual capacity 31, 32 , which than provides greater mechanical support to the airways walls, thereby increasing their lumen.
In contrast with the consistent changes in the airway properties, tissue mechanical parameters exhibited dissociated changes postoperatively when they were assessed under mechanical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 ventilation immediately after CPB, or days after the correction surgery (Fig. 2) . While the surgery diminished vascular engorgement as evidenced by the decreased Ppa dia (Fig. 3 Five days after the surgery, when all these confounding effects of CPB faded, the Ers sp improved significantly, particularly in the children with highly elevated preoperative respiratory tissue stiffness (Fig. 5) . The close correlation between the preoperative level of Ers sp and Ppa dia and the consistency between their beneficial postoperative changes (Fig. 6) suggest the presence of a close association between pulmonary hemodynamics and tissue 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 least in the follow-up time frame. This rebound is consistent with earlier results demonstrating that despite the temporal decongestion of the pulmonary interstitium, a sustained remodeling of the alveolar wall structure remains in the presence of a chronic heart disease with postcapillary pulmonary overload 21 .
In summary, perioperative assessment of airway and respiratory tissue mechanics revealed that children with mitral valve disease exhibit abnormal airway and respiratory tissue mechanics when these lung function parameters are related to age-matched healthy controls.
The adverse alteration in the respiratory elastance was directly related to the pulmonary heamodynamical impairment, whereas the diminished airway properties showed no clear associations with the severity of the pulmonary hypertension. Both airway and tissue mechanical parameters exerted beneficial short-term improvements 5 days postoperatively.
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